The most abundant helix type in proteins is the α-helix, accounting for about 31% of amino acid secondary structure states, while the 3 10 -helix accounts for about 4%. The π-helix appears to be extremely rare and is considered to be unstable. Existing secondary structure definition methods find very few within the Protein Data Bank. Using an improved π-helix definition algorithm to search a non-redundant subset of high-resolution and well-refined protein structures, we found that almost every tenth protein contained a π-helix. This enabled us to show for the first time that the π-helix has structural parameters that are different from the hypothesized model values. It also has distinctive amino acid preferences and it is conserved within functionally related proteins. Features that may contribute to the stability of the π-helical structure have also been identified. In addition to hydrogen bonds, several other factors contribute to the stability of π-helices. The π-helix may have some functional advantages over other helical structures. Thus, we describe cases where the side chains of functionally important residues at every fourth position within a π-helix could be aligned and brought close together in a way that would not be allowed by any other helix type.
Introduction
Helices are a major type of secondary structure element found in proteins. Helix types are usually designated as x y based on the number of residues per turn (x) and the number of atoms in the ring closed by a hydrogen bond (y) (Donohue, 1953) . Pauling and Corey first hypothesized the α-helix (3.6 13 ) and the γ-helix (5.1 17 ) structures . Donohue later considered the possibility of other types of helices (2.2 7 , 3 10 , 4.3 14 and 4.4 16 ) (Donohue, 1953) . Low and Baybutt also suggested the possibility of the 4.4 16 -helix or π-helix (Low and Baybutt, 1952) . The main stabilizing factor for helical structures in polypeptides is repeating hydrogen bonds between main chain carbonyl oxygen (CϭO) and amide hydrogen (NH) groups with the α-helix characterized by an (i←i ϩ 4) pattern, the 3 10 -and the π-helix by repeating (i←i ϩ 3) and (i←i ϩ 5) hydrogen bonds, respectively.
Of all the hypothesized helix types, only the α-helix, 3 10 -helix and the π-helix have been observed in protein structures. The α-helix is considered to be the most abundant form of secondary structure, accounting for about 31% of amino acid secondary structure states, while the 3 10 -helix accounts for about 4% (Baker and Hubbard, 1984; Barlow and Thornton, 1988) . The π-helix, however, appears to be extremely rare. The rarity of the π-helix has been attributed to its instability due to the following properties: (1) the dihedral angles φ and ψ are unfavorable, lying at the very edge of an allowed minimum energy region of the Ramachandran plot (Ramachandran and Sasisekharan, 1968) ; (2) the larger radius of the π-helix means that main chain atoms are no longer in van der Waals contact along the helix axis, resulting in a hole too small for a water molecule to fill (Low and Baybutt, 1952) ; (3) a large entropic cost is required to form a helix in which five residues need to be aligned to permit the (i←i ϩ 5) hydrogen bond (Rohl and Doig, 1996) . A few researchers have, however, found π-helices to be formed during molecular dynamics simulations of peptides (Kovacs et al., 1995; Gibbs et al., 1997; Shirley and Brooks, 1997) with some reports of a transition from α-helix to π-helix structure (Duneau et al., 1996; Lee et al., 2000) . This suggests that the π-helix is not as unstable as previously believed.
Several algorithms have been designed to assign secondary structure automatically based on three-dimensional coordinates (Kabsch and Sander, 1983; Richards and Kundrot, 1988; Frishman and Argos, 1995; Labesse et al., 1997) . Among these, DSSP (Kabsch and Sander, 1983) and STRIDE (Frishman and Argos, 1995) are the most widely used. While DSSP identifies helices based on the presence of repeating (i←i ϩ n) hydrogen bonds with n corresponding to 3, 4 and 5 for 3 10 -, α-and π-helices, respectively, STRIDE makes use of both hydrogen bonds and main chain dihedral angles to define secondary structures. In a recent study, by using DSSP, only nine unique π-helices could be identified in a database of more than 6000 proteins (Weaver, 2000) . In a similar search using STRIDE, we could not identify any additional hits (unpublished results) . Surprisingly, neither STRIDE nor DSSP could identify a few π-helices that we had previously observed from graphical analysis of three-dimensional structures (Al-Karadaghi et al., 1994 . This led us to believe that helix identification algorithms needed some modification in order to identify π-helices reliably.
In this study, by using a modified π-helix definition algorithm, we show, for the first time, that the π-helix is Ͼ10 times more prevalent than previously reported. The results have allowed a detailed analysis of structural features and amino acid sequence preferences of this unique helix type, also shedding light on the forces that stabilize it.
Materials and methods

Composition of database
The CullPDB server (Hobohm et al., 1993) was used to generate a non-redundant database of protein chains from the 21 March 2001 edition of the PDB (Protein Data Bank) based on the following criteria: (1) no two proteins included would have a sequence identity Ͼ30%; (2) all proteins included must have been determined to a resolution at or better than 2.0 Å, hence all proteins determined by NMR spectroscopy were excluded; (3) an additional condition was imposed that the crystallographic R-factor be 0.2 or better. The resulting database consisted of 936 protein chains, corresponding to 224 046 amino acid residues.
Identification of π-helices
We have adopted an algorithm that conforms to rule 6.3 of the IUPAC-IUB recommendations (IUPAC-IUB, 1970) . The first helical residue is defined as the one whose CϭO group is involved in an (i←i ϩ 5) hydrogen bond, while the last residue is the one whose NH group is involved in an (i -5←i) hydrogen bond within the helix. In order to distinguish a π-helix from a π-turn, which has only one (i←i ϩ 5) hydrogen bond, we considered the minimal π-helix as consisting of at least two (i←i ϩ 5) hydrogen bonds.
The criteria for defining hydrogen bonds are similar to those used in DSSP (Kabsch and Sander, 1983) . When absent, the positions of main chain amide hydrogen atoms were computed according to the general rules described by Pauling et al. . The electrostatic interaction potential was calculated as described by Kabsch and Sander (Kabsch and Sander, 1983) , although partial charges were assigned according to the CNS parameters (Brunger et al., 1998) . A hydrogen bond was assigned if the calculated electrostatic interaction free energy was Ͻ-0.5 kcal mol -1 . In cases where more than one hydrogen bond was possible among the (i←i ϩ 3), (i←i ϩ 4) and (i←i ϩ 5) hydrogen bonds, the bond with the most favorable interaction energy was considered.
The algorithm was implemented using the Cϩϩ programming language (this can be obtained from the authors on request). The program was then used to test for the occurrence of π-helices in the database of selected protein chains. All π-helices identified were visually confirmed using the program SPDBViewer (Guex and Peitsch, 1997) .
Solvent-accessible surface area, volume and helix parameters
The solvent-accessible surface area of each residue was calculated using the accessibility subroutine in the program STRIDE (Frishman and Argos, 1995) . The fraction of exposed surface area was taken as the ratio of the accessible area to the total surface area. The total surface area of each amino acid was taken from Chothia (Chothia, 1975) . Molecular volumes and surface areas of polypeptide fragments were calculated using the program SPDBV (Guex and Peitsch, 1997) . Helix geometry parameters such as the number of residues per turn, unit rise and unit twist were computed using the program HELANAL (Bansal et al., 2000) .
Statistical methods
The distribution of each amino acid type was calculated within the 932 protein chains and all identified π-helices. To elucidate position-specific sequence patterns, we also analysed the residue distributions at seven positions (π1-π7) within the π-helices and five positions on either side of the π-helices, (ϩ1 to ϩ5) on the C-terminal side and (-5 to -1) on the N-terminal side. The number seven was chosen because a majority of the π-helices were seven residues long. The χ 2 test was used to determine if the distribution of amino acid content of π-helices was significantly different from that of the database used. For a system with 19 degrees of freedom, 354 a χ 2 value Ͼ43.82 is required to conclude with 99.9% confidence that observed differences are not by chance, while a χ 2 value of 30.144 is required for 95% confidence. Using the database distribution as a reference, the binomial test (Siegal and Castellan, 1998) was used to determine the significance of the distributions at each position within and around π-helices. A position with a binomial probability of ഛ0.05 was considered to be highly significant while one with ഛ0.1 or less was considered to be marginally significant. The overall propensities and their standard deviations for each amino acid type to occur in π-helices, and the positional propensities for the 17 positions mentioned above, were calculated as described previously (Chou and Fasman, 1974) .
Results and discussion π-Helices are more common than previously believed
We have developed a modified algorithm for the recognition of π-helices. Its main feature is an energy-based classification of hydrogen bonds, after which a preference is given to the bond with the highest energy. In contrast, in DSSP and in STRIDE preference is always given to the α-helix-forming (i←i ϩ 4) hydrogen bonds when more than one is possible, even if the π-helix-forming (i←i ϩ 5) hydrogen bonds are stronger. Using our algorithm to search the database of 932 high-resolution and well-refined protein structures, 116 helices were flagged as potential π-helices, 104 of which could be confirmed by visual inspection. Several proteins possessed more than one π-helix with the methane monooxygenase hydroxylase from Methylococcus capsulatus (PDB 1MTY) having up to eight. Of the 224 046 amino acids in the database, 728 were found in these π-helices, corresponding to a mere 0.3% of the total. The observed π-helices ranged in size from 7 to 13 amino acid residues, the most common length being seven, which corresponds to 1.5 turns (Table I) .
Our results represent the largest number of π-helices ever reported. Using both STRIDE (Frishman and Argos, 1995) and DSSP (Kabsch and Sander, 1983) to search the same database, we could only identify six and nine π-helices, respectively. Our method is therefore more sensitive for the definition of π-helices from protein coordinates. This algorithm differs from those used previously (Kabsch and Sander, 1983) by its ability to compare the energy of all possible hydrogen bonds within a structure in order to define its type.
π-Helices have distinct conformational features
The mean values of the dihedral angles (φ, ψ) of all π-helices observed were found to be at (-76°, -41°) with standard deviations (σ φ , σ ψ ) ϭ (25, 24). These values are significantly different from the proposed model values of (-57°, -70°) (Low and Grenville-Wells, 1953; Ramachandran and Sasisekharan, 1968; Creighton, 1993) , but similar to the values of (-78°, -41°) reported for a π-helix in alcohol dehydrogenase (AlKaradaghi et al., 1994) and (-77°, -54°) for π-helices formed during molecular dynamics simulations (Lee et al., 2000) . A position-dependent analysis of the dihedral angles in the helices showed a distinct pattern. Thus, for the π4 and π5 positions, mean (φ, ψ) values were (-96, -26) and (-97, -51) , respectively ( Figure 2a ). These features imply that any method of secondary structure definition from three-dimensional coordinates that makes use of the hypothesized main chain dihedral angle values for the π-helix will perform poorly.
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1.2 Å, with 4.4 residues per turn and an average unit twist of 83°. These values are very similar to the hypothesized model values of 1.1 Å unit rise and 4.4 residues per turn. A close similarity of the overall geometry of π-helices is demonstrated in Figure 1b . A superposition of the structures of 11 sevenresidue π-helices, shown on the figure, gave an average root mean square deviation (r.m.s.d.) of 0.13 Å (0.013 nm) for the main chain atoms.
The main characteristic of π-helices is the repeating (ii ϩ 5) hydrogen bonding pattern. We could identify regions with 2, 3, 4 and 5 consecutive (ii ϩ 5) hydrogen bonds within the helices, although 2 hydrogen bonds were the most common. Stretches with more than 5 consecutive bonds could be observed in a less restrictive database (results not shown). In most cases, the CϭO group of the first π-helix residue was found to be involved in a bifurcated hydrogen bond with the NH groups of both residues i ϩ 4 and i ϩ 5, although the (i←i ϩ 4) bond was weaker (Figure 1b) . When only two consecutive hydrogen bonds were observed (i←i ϩ 5 and i ϩ 1←i ϩ 6), the three middle CϭO groups (residues i ϩ 2, i ϩ 3 and i ϩ 4) were not involved in a hydrogen bond with any main chain groups and remained exposed to solvent. Similarly, with three consecutive hydrogen bonds, two CϭO groups (residues i ϩ 3 and i ϩ 4) were exposed and with four hydrogen bonds, only one CϭO group (residue i ϩ 4) was not a hydrogen bond acceptor (Figure 1a) . Regions with (i←i ϩ 5) bonds alternating with non-hydrogen-bonded
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CϭO groups (i ϭ 1, 3, 5) were also observed to form a π-helix conformation, as judged from structural parameters. Support for such cases has been added to the algorithm. π-Helices have a characteristic amino acid distribution Detailed analysis of sequence-structure relationships within different secondary structure types has been at the focus of many research groups and has often been aimed at revealing amino acid preferences for different secondary structure types. In some cases, the preferences for different positions within a secondary structure type have been analyzed (Kumar and Bansal, 1998) . However, such studies on π-helices have been impossible until now.
The distributions of individual amino acids within the observed π-helices, and within the whole database used in the analysis, are listed in Table II . It can be seen that the distribution for π-helices is significantly different (χ 2 ϭ 92.51) from the distribution within the database, as revealed by the χ 2 -test at 99% confidence limit. From the overall values for propensities, it appears that in π-helices aromatic and large aliphatic amino acids are generally preferred, while small amino acids are avoided. Thus, Ala, Gly and Pro seem to be avoided in favor of Ile, Leu, Tyr, Trp, Phe, His and Asn. The observed propensities did not show any correlation (correlation coefficient r ϭ 0.24) with those for the π-helix (Pace and Scholtz, 1998) , demonstrating that the π-helix has unique residue preferences. Position-specific preferences within π-helices are presented in Table III and Figure 3 . In the analysis, only positions with a significant distribution according to the χ 2 -test at 95% confidence level were considered. It can be seen that large amino acids such as Phe, Trp, Tyr, Ile, Leu and Met show high propensities for being located at the beginning and at the end of the helix. The preference for bulky amino acids is probably due to the more favorable van der Waals interactions between the side chains, which may be one of the factors contributing to the stabilization of the helix. Analysis of residue preferences at other positions shows that polar residues such as Asn, Glu, Thr and Ser are preferred. Asn, in particular, shows an extremely high propensity for the middle position. As noted above, the CϭO groups at these positions are most often not involved in any main chain to main chain hydrogen bonds. However, interactions of the polar side chains with solvent could compensate for this, which may serve as another factor contributing to helix stability. It can also be seen that the average percentage solvent accessibility is slightly higher at the middle of the helix than at the beginning and end positions (Table III) .
Residues at positions before and after the π-helix did not show any statistically significant sequence preferences (Figure 3) , except for the ϩ1 position, at which Pro had an extremely high propensity. It has been reported previously that the occurrence of Pro leads to the breakage of at least two adjacent hydrogen bonds (Richardson and Richardson, 1988) . In the case of the π-helix, the residue at the ϩ1 position would normally be involved in a hydrogen bond with the residue at position π3 in a seven-residue π-helix. Additionally, the pyrolidine ring of Pro forces the CϭO group of the residue at position π4 to point away from the helix axis, leading to a second non-hydrogen-bonded CϭO group at this position ( Figure 2b ). Although it has been suggested that the presence of a proline residue promotes the formation of a π-turn (Rajashankar and Ramakumar, 1996) , it appears also to be the limiting factor in the size of the π-helices we have observed. The low propensity of Pro within π-helices and the high propensity at the ϩ1 position (Figure 3) can only be interpreted to mean that Pro leads to the termination of the π-helix. Stabilizing factors in π-helices As noted above, the π-helix has been considered to be unstable, a primary reason for its rarity in protein structures. Our analysis suggests several factors, which arise from the particular conformation and amino acid content, that may contribute to the stability of π-helices. Thus, the conformation of a π-helix with 4.4 residues per turn and unit twist of 83°implies that every fourth residue will be in almost azimuthal position with respect to the first. This, together with the fact that the unit rise of a π-helix (1.2 Å) is lower than for either the α (1.5 Å) or 3 10 (2.0 Å) helices, means that the side chains in a π-helix will be at the closest distance from each other, as compared with other helix types. Steric repulsion arising from this has been suggested to be one of the reasons causing instability of the π-helix (Low and Grenville-Wells, 1953) . However, our results point to the contrary. Extensive interactions between side chains, mostly of the van der Waals type, but also aromatic ring stacking and a few electrostatic interactions, appear to be a stabilizing factor (Figure 1a ). This correlates well with the observation that aromatic and bulky aliphatic amino acids are more prevalent around the beginning and end of a 1.5-turn 357 Fig. 3 . Logo plot (Schneider and Stephens, 1990 ) of the amino acid distribution at 17 positions within and around π-helices. The height of each letter is proportional to its frequency at that position and the height of the stack is proportional to its information content, a measure of its conservation. Each stack is ordered according to frequency with the most frequent at the top. Hydrophobic residues are colored in black, neutral in purple, acidic in red, basic in blue, proline in cyan and glycine in orange. Aromatic residues are pale.
π-helix. An additional effect of the alignment of helix residues will be an alignment of main chain groups involved in hydrogen bonds, resulting in shorter and stronger bonds as compared with α-and 3 10 -helices.
The dihedral angles (-57°, -70°) are thought to be unfavorable, lying at the very edge of an allowed minimum energy region of the Ramachandran plot. The angles (-76°, -41°), however, lie within the minimum energy region, further supporting the stability of the π-helix. These values are in agreement with the free energy minimum observed for a decaalanine π-helix (-77°, -56°) during molecular dynamics simulations in water (Mahadevan et al., 2001) . In this study, the π-helical conformation was suggested to be as stable as the corresponding α-helical conformations.
The central axial hole hypothesized for the π-helix is still present despite the significant differences in dihedral angles. However, a factor that may help to 'fill in' the hole could be the tendency of Pro to be at position ϩ1. This causes one or two main chain CϭO groups in each turn to be tilted away from the helix axis with the oxygen pointing outwards (Figure  2b ), while the NH group of the next residue will be oriented with the hydrogen pointing towards the helix axis. Even within the longer π-helices, one or two residues in every turn had large negative φ values. A conformation of this type has also been suggested earlier to contribute to the stability of π-helices (Blundell and Zhu, 1995) . This conformation also enables the CϭO group to form a hydrogen bond to solvent, an additional stabilizing interaction as discussed for α-helices (Blundell et al., 1983) .
Among the factors contributing to the stability of protein structures are entropic effects. A comparison of volume and surface area of a π-helix with those of an α-helix (calculated for a 22-residue polyalanine ideal π-and α-helix) shows that the π-helix occupies almost 10% less volume and surface area, as computed by the program SPDBV (Guex and Peitsch, 1997) . This would result in a more favorable solvent entropic effect for π-helices. This may also compensate for the entropic effect required to align four residues for a single turn to be formed, as opposed to only three in the case of the α-helix.
Functional insights
The functional importance of π-helices is emphasized by their conservation within functionally related proteins, despite low sequence identity. The chelatase family of proteins is a good example since they share Ͻ12% overall sequence identity. Three-dimensional structures are available for ferrochelatases from Bacillus subtilis and humans (PDB code 1DOZ and 1HRK, respectively) (Al- Karadaghi et al., 1997; Lecerof et al., 2000; Wu et al., 2001 ) and one cobalt chelatase from Salmonella typhimurium (PDB 1QGO) (Schubert et al., 1999) . These enzymes catalyze the insertion of metals (Fe 2ϩ for ferrochelatase and Co 2ϩ for cobalt chelatase) into protoporphyrin and precorin-2, to produce heme and cobalt-precorin, respectively. The structure of ferrochelatase from B.subtilis, which was part of the database used in this study, was flagged to contain a π-helix at positions 265-274. The other two structures, 1HRK and 1QGO, were reported to possess a π-helix at positions 342-357 and 207-213, respectively. Aligning these structures places the π-helices at exactly the same position, about 10 Å from the active site. In B.subtilis ferrochelatase, a hydrated magnesium complex has been found bound to the residues of the π-helix. In cobalt chelatase, the authors placed a sulfate moiety at a similar position. However, in the human ferrochelatase no ligand has been observed at this position. A superposition of the π-helices from these three proteins shows that the acidic residues are aligned along the edge of the helix and lead to the active site, the last residue being an invariant glutamate in ferrochelatases and a histidine in cobalt chelatase. These residues outline the proposed path taken by the metal ion substrate into the active site (AlKaradaghi et al., 1997; Lecerof et al., 2000) . This alignment of residues can only be achieved with a π-helix, which permits the retention of an acidic residue at every fourth position. In a 3 10 -helix acidic residues at every third position will also be aligned with respect to the first, but the unit rise per residue (2.0 Å) will presumably result in too great a distance between side chains. This, in turn, will affect their ability to coordinate a ligand. Another example can be seen within the dioxygenase (1YGE) where histidine residues (H494, H499, H504) within a π-helix are aligned to form a metal binding site. Hence it is evident that the π-helix possesses features that make it a unique structural element where functionally important residues need to be aligned.
The alignment of π-helix residues will also lead to the alignment of main chain dipoles resulting in a slightly higher value of the total dipole moment compared with other helix types of the same length. The functional role of the helix dipole has been extensively reviewed before (Hol et al., 1978; Hol, 1985) . Our analysis shows that there is a correlation between π-helices and specific binding sites within proteins. Thus, among the 104 observed cases, 40 π-helices were directly involved in an interaction with a ligand. The functional significance of a few of the π-helices found has been discussed previously (Weaver, 2000) . A few cases have been observed in which the π-helix dipole could be used in metal binding. In an ion transport protein (PDB 1A8E), the ferric ion-binding site is located at the N-terminus of the π-helix. Also in an oxidoreductase (PDB 1QH8), two iron-sulfur clusters are bound to the N-terminus of a π-helix.
